Introduction
Notch proteins are transmembrane receptors that transmit signals in response to transmembrane ligands expressed on adjacent cells (see Bray for a recent review 1 ).
Signals transduced by Notch receptors influence cell fate decisions during development and also contribute to tissue homeostasis in the mature organism.
Mammalian Notch receptors are processed by a furin-like protease at an external site (S1) while en route to the cell surface, yielding a mature heterodimer composed of two non-covalently associated subunits. 2, 3 The receptor is normally held in a resting, protease-resistant conformation by a negative regulatory region (NRR) that contains three Lin12/Notch repeats and a heterodimerization domain that flanks the S1 cleavage , which is rapidly cleaved within the membrane by γ-secretase. 9-13 γ-secretase cleavage releases the intracellular portion of Notch (ICN) from the membrane, allowing it to be transported to the nucleus, where it enters into a nuclear complex that participates in the induction of target gene transcription. 1, [14] [15] [16] Evidence that aberrant Notch signaling is associated with T cell acute lymphocytic leukemia (T-ALL) first emerged when the human Notch1 gene was cloned from the breakpoint of a t(7:9) chromosomal translocation found in a minor subset of patients with
For personal use only. on . by guest www.bloodjournal.org From T-ALL. 17 These rare translocations result in the production of ICN-like polypeptides that result in constitutive and unregulated Notch signaling. More recently, point mutations and small insertions or deletions in Notch1 were found in more than half of human TALLs by the Aster lab 18 and others. [19] [20] [21] [22] [23] [24] Notch1 mutations also occur in many different murine T-ALL models making Notch1 perhaps the most frequently mutated gene in this type of leukemia.
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Notch1 mutations associated with human T-ALL cluster in two general regions of the protein.
One cluster lies at the C-terminal end of the receptor, and consists of nonsense or frameshift mutations that result in the deletion of a PEST domain that regulates ICN1
degradation. 26 It appears that these mutations increase Notch activity by stabilizing ICN1.
The second cluster of mutations maps to the heterodimerization domain of the NRR and the region at the boundary between the extracellular and transmembrane regions of the protein. This group includes the most common Notch1 mutations found in human T-ALL. [18] [19] [20] [21] [22] 24 Mutations in this region cause ligand-independent Notch1 signaling, and fall into at least two mechanistic classes. 27 Class I mutations are single amino acid substitutions or short insertions or deletions that cause increased sensitivity of Notch1 heterodimers to subunit dissociation under either native or mildly denaturing conditions.
Class II mutations consist of insertions of at least 12 residues near the C-terminal end of the heterodimerization domain that duplicate the S2 cleavage site; these produce ligandindependent S2 cleavage and strong increases in signaling without any detectable destabilization of the heterodimeric receptor. 27 A third group of mutations in this region, recently reported to be present in the Jurkat cell line and certain primary T-ALLs, 23 create insertions at the boundary between the extracellular and transmembrane regions
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We recently reported the structure of the NRR of human Notch2, which provided insight into the mechanism by which Notch receptors are normally held in the "off-state" prior to ligand-mediated activation. 28 In order to determine the molecular basis underlying the ligand-independent signaling accompanying T-ALL mutations in the NRR, examine whether the structural basis for Notch autoinhibition is shared by different mammalian Notch receptors, and provide a structural template for the development of agents designed to stabilize the autoinhibited conformation of the receptor, we solved the structure of the Notch1 NRR by X-ray crystallography. We report here the structure of the Notch1 NRR determined to 2.0 Å resolution, map the sites of tumor associated mutations onto the structure, and analyze a recently identified novel point mutation found in a T-ALL patient that is located in the third LNR, 21 a position distinct and distant from the typical NRR mutations found in the heterodimerization domain. Together, these studies give new insights into the mechanism of pathogenic Notch1 signaling in human T-ALLs.
Methods
Protein expression and purification. The NRR from human Notch1 (Genbank sequence ID AF308602, also used to assign residue numbers for the protein) was subcloned into a pET 15b vector containing a hexahistidine tag and a custom TEV site.
The crystallized protein has 47 residues removed from the non-conserved, unstructured loop (residues 1623-1669) containing the furin cleavage site, and also contains an additional glycine at the N-terminus resulting from TEV cleavage to release the tag. The protein was produced recombinantly in Rosetta(DE3)pLysS bacteria and recovered from
For personal use only. on . by guest www.bloodjournal.org From the insoluble fraction after centrifugation using 5 M urea. The protein was affinity purified on a nickel column, eluted with imidazole in 1 M urea, and treated with TEV protease to remove the His tag. The protein was refolded in vitro by dialysis in a redox buffer containing 5 mM cysteine and 1 mM cystine, and purified by anion exchange chromatography after folding was complete (as monitored by reverse-phase HPLC) to obtain a homogenous species.
Crystallization. The NOTCH1 NRR crystallized in 100 mM Sodium acetate pH 4.5, 1-1.5 M NaCl, and 10% (v/v) glycerol. Crystals were cryoprotected in liquid nitrogen after rapid transfer into the same buffer containing 2 M NaCl and glycerol at a final concentration of 35% (v/v).
Data collection and scaling. Diffraction data were collected at beamline 24ID at the Advanced Photon Source of Argonne National Laboratory. Data were indexed and scaled using the program HKL2000. 29 Because two lattices were observed in the diffraction pattern, the pick peaks feature was used to select the peaks from a single lattice for processing and subsequent analysis.
Phasing. Initial phases were calculated using molecular replacement and the program Buried surface area for individual T-ALL mutations was calculated by comparing the accessible surface area of a given residue to the known ASA of the relevant amino acid in the context of a Gly-X-Gly tripeptide.
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Western blots. Western blots were prepared and stained using antibodies specific for the intracellular transcriptional activation domain Notch1 37 or activated Notch1 (Cell Signaling) as described.
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Luciferase reporter/urea sensitivity assays. Reporter assays were performed essentially as described previously. 27 Receptors used to evaluate ligand-independent signaling in Figure 6 (H1545P and other point mutations) and in Supplementary Figure 1 were in the pcDNA3 vector. The reporter plasmid for these assays contained four iterated CSL binding sites, and luciferase activity was measured 44-48 hours after transfection. Full-length Notch1/Gal4 chimeras (containing the Gal4 DNA-binding domain in place of the RAM and ankyrin repeat domains) in pcDNA5 were used to investigate the effect of mutating the crystal contact interface on LNR-C. The luciferase reporter gene used for these studies containined four copies of the GAL4 binding site. In these experiments, U2OS cells transfected with Notch constructs and reporter plasmids were overlaid onto 3T3 cells alone or 3T3 cells stably expressing the Jagged2 ligand 24 hours post-transfection, and luciferase activity was measured after an additional 24
hours. The urea sensitivity assays were conducted as described previously.
Coordinates. Coordinates have been deposited in the PDB with accession code 3eto.
Figures and descriptions in the text refer to protein Chain A of the coordinate file.
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Results
Initial crystallization trials using the uncleaved form of the natural Notch1 NRR gave rise to crystals that were fragile and diffracted poorly. To increase the stability of the crystals and improve their diffraction properties, we excised a 47-residue sequence from the poorly conserved loop that contains the S1 cleavage site to create a single-chain mimic of the normal S1-cleaved heterodimer (Figure 1) . The resulting protein, hereafter referred to as the Notch1 NRR, yielded crystals in the C2 space group diffracting to 2.0 Å with two independent copies of the protein in the asymmetric unit (see Table I The three LNR repeats serve as the cap of the structure, while the HD domain constitutes the "stem." Each LNR module is characterized by three disulfide bonds and a calcium coordination site, and has little secondary structure. The HD domain, which
For personal use only. on . by guest www.bloodjournal.org From immediately follows the LNR repeats in the sequence, folds into an alpha-beta sandwich with a β1-α1-β2-β3-β4(-α2)-α3-β5 topology. The base of the HD fold is a four-stranded beta sheet, with the helices packed against the "top" face of this sheet to create an extensive hydrophobic core. Several loops, together with a cysteine "knuckle" in the HD domain, connect the secondary structural elements that bear the side chains comprising the hydrophobic core.
Though a blast search for protein sequences homologous to the Notch1 HD yields only other Notch HD domains, a search for homologous structures using the program MSDfold (http://www.ebi.ac.uk/msd-srv/ssm) reveals that other domains adopt similar folds with the same secondary structure topology. These homologous folds include the SEA domains of mucins, 38, 39 the RNA recognition motifs (RRMs) of several proteins 40 , and a juxtamembrane domain in the receptor protein-tyrosine phosphatase AI-2. Figure 3B ). In contrast, the Notch1 NRR does not bind Zn ++ , because only one of the three Zn ++ -coordinating side chains is preserved ( Figure 3A ). Instead, side chains from residues in the LNR B-C linker substitute for the Zn ++ ion of Notch2 by forming packing interactions and hydrogen bonds with the cysteine knuckle and the C-terminal end of helix one. These interactions include contacts between the side-chain of Q1523 and Q1692, the residue analogous to the Zn ++ -coordinating H1638 from the cysteine knuckle of Notch2, and a hydrogen bond to the S1690 side chain hydroxyl group of the cysteine knuckle. Thus, an intriguing feature of these two proteins is the coalescence of three different structural features at this junction, which may serve as a fulcrum for movements that accompany the switch from the autoinhibited to the activation-competent conformation. The differences between the two proteins may represent two structural solutions for achieving the same end (stabilization of the autoinhibited structure), or alternatively, may serve to generate different levels of sensitivity to activation by ligands.
For personal use only. on . by guest www.bloodjournal.org From Another difference between the two structures is the nature of the packing interactions that determine the interface between the LNR-C module and helix one of the HD domain ( Figure 3C , D). In Notch2, the interface between helix one and LNR-C is primarily established by the Zn ++ -binding site in conjunction with two salt bridges to the LNR-C module, which together anchor helix one and position it over the beta sheet to help define the hydrophobic core. In the Notch1 structure, on the other hand, only one of these two salt bridges remains to fix the helix in position with respect to the LNR-C module. R1595, the residue of the Notch1 helix involved in this interaction (R1567 in Notch2), is highly conserved among different Notch proteins, suggesting that it plays a key role in positioning the helix against LNR-C.
A key set of interactions that maintain the Notch1 and Notch2 NRR regions in an autoinhibited conformation prior to ligand binding is the hydrophobic "plug" that straddles the scissile bond of the S2 site. This plug consists of three residues that envelop the amide bond, sterically precluding metalloprotease access to S2. In both Notch1 and To examine whether or not this conserved surface patch on LNR-C might be functionally relevant, we constructed a mutated form of the full-length Notch1 receptor in which six of the residues engaged in lattice contacts were substituted with alanine ( Figure 4D) , and tested the effect of these mutations on signaling in co-culture assays. The mutated receptor responds indistinguishably from the normal receptor when co-cultured with NIH For personal use only. on . by guest www.bloodjournal.org From 3T3 cells stably expressing Jagged-2 ( Figure 4E ), suggesting that it is fully competent for ligand-induced signaling. However, when co-cultured with 3T3 cells alone, the mutated receptor exhibits a significant increase in reporter gene activity over the normal receptor. This observation suggests that the mutated receptor exhibits substantial ligand-independent signaling and is consistent with the idea that the residues engaged in the lattice contacts are functionally important in the normal restraint of signaling, a possibility that can be further explored in future studies. Because functional studies of Notch1 signaling argue against an important role for homodimerization in transmission of signals, 42 and Notch2 crystals do not exhibit similar contacts in their crystal lattice, it seems unlikely that the contacts constitute a biologically important homodimerization interface. Instead, the lattice contacts point to the possibility that this site is used for other intra-or inter-molecular interactions. Interestingly, a novel T-ALL mutation, H1545P, 21 maps to this region of LNR-C, and is further investigated below.
Analysis of T-ALL Associated Mutations
Mapped to the Notch1 NRR. About 40% to 50%
of T-ALLs harbor mutations lying within the NRR of Notch1. [18] [19] [20] [21] [22] 24 Mapping the sites of the known T-ALL associated mutations onto the Notch1 NRR reveals that over half (13 of 22) of the mutations are located in the conserved hydrophobic core of the HD domain ( Figure 5 ). This hydrophobic core includes residues from the inner faces of the two primary alpha helices and the top face of the four-stranded beta sheet. All of the mutations in the hydrophobic core belong to Class I, as defined by destabilization of the NRR under native conditions (class 1A) or in the presence of urea (class 1B). Several of these substitutions introduce structure-breaking proline residues, which readily explains their destabilizing effects. Other less drastic mutations still add or remove steric bulk or introduce charged or polar side chains into the hydrophobic interior of the protein, again providing an explanation for their effects on the stability of the heterodimeric receptor.
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Though R1599 is not itself a residue in the hydrophobic core, the R1599P mutation strongly destabilizes the protein. It seems likely that the mutation has two concurrent effects: (i) it eliminates the stabilizing salt-bridge from the R1599 side-chain to E1595, and (ii) it unravels the C-terminal end of the helix, propagating its disruptive effects into the hydrophobic core of the HD with further deleterious effects on the stability of the protein.
Other mutations within the HD domain outside of the hydrophobic core tend to cause less destabilization of the HD domain. Some of these mutations alter residues at the interface with the LNR domain ( Figure 5 ). Three mutations fall into this category:
A1702P, L1710P and I1719T. The reduced stability of proteins with these mutations is consistent with the notion that they disengage the LNR domain from the HD domain, relaxing a clamp that normally stabilizes the HD domain, thereby indirectly destabilizing the HD domain and the heterodimer. A summary of published mutations and their putative structural classification is presented in Table II .
Functional analysis of the H1545P mutation. The H1545P substitution represents the first T-ALL associated mutation of the NRR that lies outside of the HD domain.
21 H1545P
is located in a loop of LNR-C, and its solvent exposed imidazole side chain, as previously noted, is located within the conserved crystal contact interface. Its backbone carbonyl oxygen also is one of the calcium-coordinating ligands within the LNR-C repeat ( Figure 6A ). Thus, a more complete mechanistic characterization of this mutation is of considerable interest.
To determine whether the H1545P mutation leads to increases in ligand-independent Notch signaling, we examined the effect of the mutation on reporter gene transcription in the context of ΔEGF, a receptor that lacks the ligand-binding EGF repeats, and compared it with other well-characterized T-ALL-associated mutations ( Figure 6B ). In this assay, the mutation results in a 20-fold increase in ligand-independent reporter gene transcription, a level intermediate between the weak activating mutation L1594P, and the more potent "P12" insertion, which is a strong ligand-independent activator in these assays. Unlike the H1545P mutation, the more conservative H1545A mutation does not result in substantial induction of reporter gene transcription. Western blots performed on lysates from cells transfected with H1545P confirm that the observed transcriptional induction relies on canonical Notch signaling, as blots for the activated form of Notch1 detect the proteolytic product of H1545P and a control receptor that undergoes constitutive proteolysis, but do not detect the activated form for either the inactive ΔEGF receptor or the H1545A control protein ( Figure 6C ).
Typical Class I mutations of the HD domain lead to reduced stability of the Notch1 NRR, as judged by increased sensitivity to urea-induced subunit dissociation. The assay design relies on the construction of minireceptors with N-terminal FLAG and C-terminal HA tags for monitoring the dissociation reaction, which is induced with increasing concentrations of urea. 27 To test whether or not the H1545P mutation reduces the stability of the Notch1 NRR, we compared the sensitivity of the normal Notch1 NRR to the H1545P mutant form of the NRR in this well-established urea-induced dissociation assay. Remarkably, the H1545P mutation results in only a mild increase in sensitivity toward urea-induced dissociation ( Figure 6D ). This finding is consistent with the anticipated effect of a mutation that is not in the hydrophobic core, and suggests that the For personal use only. on April 13, 2017. by guest www.bloodjournal.org From observed ligand-independent signaling that results from the mutation may be an indirect consequence of increased disengagement of the LNR clamp from the HD domain to expose its S2 site, rather than direct destabilization of the HD domain itself.
One explanation for how the H1545P mutation results in disengagement of the LNR clamp is that the proline substitution directly or indirectly disrupts the calcium-binding site in LNR-C, interfering with the integrity of LNR-C and disengaging it from the HD domain.
To investigate whether or not loss of calcium binding by LNR-C might result in ligandindependent signaling (and thus mimic the effect of the H1545P mutation), we constructed the D1561A mutation in LNR-C. This mutation removes a side-chain carboxylate group that participates in calcium coordination for LNR-C, and is likely to entirely disrupt calcium binding by this domain. Then, we tested the effect of this mutation on ligand-indepdendent signaling in a reporter assay using a ΔEGF form of the receptor. The data show that the D1561A mutation in LNR-C leads to a ligandindependent increase in signaling activity (Supplemetary Figure 1) , supporting the notion that disruption of the calcium-binding site can cause enough of a conformational disruption to allow inappropriate access of metalloproteases to the S2 cleavage site.
Discussion
Here we have presented the structure of the Notch1 NRR, compared it with the structure of the Notch2 NRR, and examined the effects of a novel T-ALL associated mutation in LNR-C on receptor stability and signaling properties.
Conformational events associated with normal and pathogenic Notch activation. The structures of the Notch NRRs and a wealth of published biochemical and functional data
For personal use only. on April 13, 2017. by guest www.bloodjournal.org From suggest a model for normal signaling in which ligand binding promotes a series of conformational movements that expose the S2 site ( Figure 7) . Regardless of whether mechanical force 28,43,44 or allosteric events produce this conformational movement, the steps leading to S2 exposure must first include the displacement of at least the first two LNR modules (the autoinhibitory "clamp") away from the HD domain. 28 To release the autoinhibitory clamp, ligand activation must remove the hydrophobic "plug" that directly occludes the metalloprotease site and undo the "latch" that holds the LNRs on top of helices one and three of the HD domain. However, mere peeling of the LNR modules away from the HD domain is unlikely to suffice for exposure of the S2 cleavage site, because the active site of metalloproteases like TACE is buried in a deep cleft, 45 and the strand housing the S2 site still remains in a compact conformation when retained within a fully-folded HD domain. Thus, we believe that either local or global relaxation of the HD domain will be required to fully expose the S2 site during activation, an idea in accordance with studies that favor a requirement for complete dissociation of the heterodimeric Notch1 receptor prior to activation. The new H1545P mutation of LNR-C characterized here also causes ligand-independent Notch1 signaling. As with the more conservative Class IB mutations, the overall effect of the mutation on the stability of the NRR is modest, with a small shift in the urea-induced dissociation curve. The most straightforward explanation for this observation is that the mutation acts to disable the calcium-binding site of LNR-C and destabilize the LNR/HD interface, loosening or releasing the autoinhibitory LNR domain clamp that normally protects the S2 site, effectively mimicking deletion of the LNR domain. 5 In essence, the mutation bypasses the first step of the normal Notch activation mechanism ( Figure 7A) by aberrantly disengaging the LNR from the HD domain without a requirement for ligand.
The local or global relaxation of the HD inferred to occur during normal ligand-induced activation would then ensue to expose the S2 site.
Utility of the Notch1 NRR in a search for compounds to inhibit Notch1 signaling in T-ALL.
Modulatory antibodies that can either activate or inhibit Notch3 signaling have recently been reported. The inhibitory antibodies are highly potent, selective for Notch3, and block signaling from either Jagged or Delta-like ligands. 46 Coordinates. Coordinates for the X-ray structure of the Notch1 NRR have been deposited in the protein data bank under accession number 3eto. 
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